Background: Eukaryotic genes are usually transcribed as precursor mRNAs which are then spliced, removing introns to produce functional mRNAs. Splicing is performed by the spliceosome and provides an important level of post-translational control of gene expression. Stem loop IIa from U2 small nuclear (sn)RNA is required for the efficient association of the U2 small nuclear ribonuclear protein (snRNP) with the nascent spliceosome in yeast. Genetic analysis suggests that stem loop IIa is involved in RNA-protein interactions early in splicing, and it may also interact with other RNA sequences in U2. The sequence of loop IIa is well conserved, consistent with the idea that this loop is important for function.
Introduction
In eukaryotic gene expression, nuclear pre-mRNAs are spliced prior to translation [1, 2] . A ribonucleoprotein complex called the spliceosome assembles at splice sites and catalyzes the transesterification reactions required for intron excision and exon religation [3] [4] [5] . The hypothesis that premRNA splicing is catalyzed by the RNA component of the spliceosome is strongly supported by the similarity between the mechanisms of spliceosome-catalyzed splicing and the self-catalyzed splicing of group II introns. In addition, there is a growing body of evidence indicating that RNA-RNA interactions both determine splice site choice and mediate formation of an active site in the spliceosome [6] [7] [8] [9] . U2 small nuclear (sn)RNA is the RNA component of the U2 snRNP (small nuclear ribonucleoprotein), which is responsible for recognition of the intron sequence containing the 2′OH nucleophile, called the branchpoint, that attacks the 5′ splice site in the first transesterification reaction in splicing. In yeast, the addition of the U2 snRNP to the nascent spliceosome requires ATP, an appropriate branchpoint sequence in the pre-mRNA, and several protein factors [6, [9] [10] [11] . Early in splicing, U2 snRNA base pairs with the branchpoint sequence [12, 13] ; later, it also pairs with U6 snRNA in interactions currently thought to contribute to the formation of the spliceosome's catalytic core [6] [7] [8] [9] 14, 15] .
Stem loop IIa, the focus of this investigation, is located just downstream of the branchpoint recognition sequence in U2 snRNA and comprises bases 48-67 in the Saccharomyces cerevisiae sequence. In this region of U2, methylation patterns following in vivo dimethyl sulphate (DMS) treatment are consistent with the secondary structure shown in Figure 1a , which includes a stem loop conformation for bases [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] , but excludes base pairing between loop IIa (bases 54-61) and its phylogenetically conserved basepairing complement downstream (bases 98-105). Compensatory mutation experiments have shown that base pairing within stem loop IIa is indispensable for splicing, but pairing between loop IIa and its downstream complement is not. Mutants lacking the entire downstream complement sequence are also viable [16] . The phylogenetic conservation of an apparently expendable base-pairing interaction between loop IIa and its downstream complement is difficult to understand [16, 17] .
Some single-base mutations in stem IIa result in a cold-sensitive phenotype characterized by a reduced rate of splicing in vivo, impaired U2 snRNP association with the assembling spliceosome in vitro, and a temperature-independent change in the secondary structure of U2 snRNA that results in the pairing of loop IIa with its downstream complement [18] . Interestingly, intragenic mutations in the downstream complement designed to disrupt pairing between it and loop IIa reverse both the temperature-dependent phenotype and the temperature-independent alternative secondary structure [17] . However, a second-site supressor mutation, which maps to a protein splicing factor required for the addition of U2 snRNP to the spliceosome, rescues the coldsensitive phenotype, but does not restore the wild-type secondary structure of stem loop IIa [19] . In a synthetic lethality analysis of the cold-sensitive mutations, stem loop IIa was shown to interact with pre-mRNA processing proteins (PRPs) known to be required for the U2 snRNP assembly in the spliceosome [11] . Taken together, these results suggest that stem loop IIa is essential for splicing, that it forms part of the binding site for a multisubunit splicing factor required for the association of the U2 snRNP with the spliceosome in yeast and that the region of U2 snRNA containing stem loop IIa may adopt different conformations at different times during splicing [17] [18] [19] .
The sequence of loop IIa is highly conserved, especially in positions 56-59, suggesting that these residues are functionally important. Nevertheless, some single base changes in invariant residues in loop IIa are viable mutations, as is a three-base change in residues 58-60 [16, 20] . This certainly suggests that it is the structure of this loop that is important for its function, and not its sequence [16] .
We have determined the solution structure of stem loop IIa by NMR using U2A, a 20-base RNA analogous to stem loop IIa from S. cerevisiae. We used a torsion angle molecular dynamics (TAMD) protocol to derive the structure of U2A from spectroscopic restraints [21, 22] . By employing a reduced-variable description of the RNA conformation, this protocol samples conformational space much more efficiently than all-atom Cartesian search protocols. The convergence rate of structure calculations on U2A was significantly higher when using the TAMD protocol than when using a distance geometry/simulated annealing protocol.
The stem of stem loop IIa is a six base pair A-form stem, and its loop contains a sheared GA base pair followed by four bases in a U-turn conformation which resembles those seen in the anticodon loops of tRNAs. The conformation of the apex of the loop, which forces the Watson-Crick faces of the bases on the 3′-side of the loop to face into solution, may be important for the function of stem loop IIa in splicing.
Results and discussion
The U2A sequence was designed to have the same structure in isolation as that of stem loop IIa in intact U2 snRNA ( Figure 1 ). The only difference between the two RNAs is that the two base pairs most distal from the loop, Lower case letters denote those residues in U2A which are changed from the S. cerevisiae sequence to facilitate T7 transcription. which are UAs in stem loop IIa (U48-49 and A66-67), are changed to gcs in U2A (g48-49 and c66-67) to facilitate T7 transcription. (Upper case letters are used to designate bases found in both stem loop IIa and U2A; lower case letters denote bases in the sequence unique to U2A.) Mutations made in the two UA base pairs in question appear to have no effect on U2 snRNA function in yeast, as assayed by the viability of the mutant yeast [16] .
Proton resonance assignment
As Figure 2a shows, the chemical shift dispersion in the ribose region of U2A's 1 H-13 C heteronuclear single quantum coherence (HSQC) spectrum is excellent, and this made it possible to identify the proton and carbon resonances for each ribose spin system using three-dimensional (3D) HcCH total correlation spectroscopy (TOCSY) and hCCH-TOCSY experiments done on a uniformly 13 C/ 15 Nlabelled sample of U2A [23, 24] . In these experiments, the same basic 3D TOCSY experiment was performed two ways: either by evolving the chemical shift of the proton resonance where the magnetization originates (HcCH-TOCSY) or by evolving the chemical shift of the carbon bonded to that proton (hCCH-TOCSY) (Figures 2b,c) . Each anomeric resonance was correlated with the carbon resonances in its ribose using slices from the hCCH-TOCSY spectrum (Figure 2c) , and once the carbon resonances were identified, the resonances of the ribose protons bonded to them could be assigned using HcCH-TOCSY data (Figure 2b) . The only resonance not assigned in this way was the H3′ resonance of the 5′ terminus (g48), which was assigned using nuclear Overhauser spectroscopy (NOESY) data. Assignments of the H2′ resonances were confirmed using a two-dimensional (2D) hCcH-COSY experiment, which correlated each H2′ proton to the anomeric carbon and proton resonances in the same ribose.
Non-exchangeable 1 H-1 H NOESY spectra were used to associate each sugar spin system with the aromatic protons of the base bonded to it, and to make sequential assignments ( Figure 3) . Adenine H2 resonances were correlated with their H8 resonances using a 2D HccH-TOCSY experiment, and pyrimidine self H5H6 cross-peaks were identified in a double quantum filtered correlation spectroscopy (DQF-COSY) experiment on unlabelled U2A. The anomeric-aromatic NOE correlations expected for an A-form helix are seen in the NOESY spectrum of U2A from its 5′-end to U56 and from A60 to its 3′-end. The most distinctive feature in its NOESY spectrum is a cross-strand NOE correlating U56H1′ with C59H6 (n to n+3) ( Figure 3 ). It is accompanied by an intense NOE cross-peak between U56H1′ and C59H5 (not shown) and a weaker U56H1′ to A58H8 (n to n+2) correlation. H2′-aromatic and H3′-aromatic NOEs were used to assign A57 and A58 because their anomeric protons gave almost no interresidue NOEs.
The imino proton region of U2A's 2D NOESY in water contained few NOEs, and yielded no independent assignment information, even though a resolved resonance is observed for each G and U imino proton in 1D exchangeable proton spectra. The base type of each imino proton resonance was determined using a 15 N-1 H HMQC spectrum, and once the non-exchangeable proton resonances had been assigned, the imino proton resonances within Watson-Crick base pairs could be assigned from the few imino-X NOEs observable [25, 26] . NOE cross-peaks between UH3 and AH2 protons identified the UA pairs in the stem (U50 .
A65 and A52
. U63). The imino proton resonances of Gs in the stem GC pairs (g1 .
g20, g2
.
c19 and G53
. C62) were assigned by correlating them with CH5 resonances. The two imino-imino NOE cross-peaks observed support these assignments.
At this point, only three upfield imino proton resonances remained unassigned: a GH1 resonance at 10.9 ppm (which, by elimination, had to be that of G55); and two UH3 resonances at 12.0 ppm and 11.2 ppm. Again by elimination, the two UH3 resonances must be U54H3 and U56H3, but it proved impossible to decide which was which. Neither imino proton has an NOE to A61H2, meaning that U54 and A61 are not paired, despite their juxtaposition in the sequence ( Figure 1 ). Consistent with this conclusion, both of the imino proton resonances that could correspond to U54H3 have chemical shifts well upfield of the range expected for UH3s in Watson-Crick AU pairs. The DMS reactivity of A61 in vivo also suggests that it is unpaired [16] .
The qualitative conclusion that can be drawn from these observations is that U2A is a stem loop, as expected, and that its secondary structure is fairly represented by the diagram in Figure 1b . The proton assignments for U2A are given in Table 1 .
Dihedral angle restraints
The NMR spectra obtained for U2A contain considerable information about its dihedral angles. NOESY spectra of U2A contain no intense intraresidue aromatic-anomeric NOEs (see Figure 3 ), indicating that all its residues have glycosidic dihedral angles (χ) in the anti range [26] . Only two weak H1′H2′ cross-peaks were observed in the U2A DQF-COSY spectrum, and they belong to the 5′ and 3′ terminal residues. The ribose puckers of U2A residues 49-66, therefore, must be C3′-endo, and the ribose puckers of the two terminal residues, g48 and c67, are a mixture of conformations, and were not restrained in the structure calculation [27] .
The dihedral angle ε was determined for all residues from C2′-P couplings measured using a spin-echo difference experiment [28, 29] . J C2′P values less than 5 Hz are observed for ε in the gauche + or trans rotamers [30, 31] , and the gauche + rotamer is unavailable in RNA for steric reasons [32, 33] . In U2A, only A57, A60, U56 and C59 gave measurable difference peaks in the experiment, but their C2′-P couplings were small, between 2 Hz and 3 Hz. For the remaining residues, J C2′P was less than 2 Hz. For all the residues of U2A, therefore, ε must be trans [30, 31] . This agrees with other NMR data on U2A: the gauche -rotamer is possible only in ribonucleotides with C2′-endo sugar puckers, and, with the exception of the termini, there are none in U2A [27, 30] .
As spectroscopic evidence suggests A-form geometry in the base-paired stem, the dihedral angles α, β, γ and ζ, were restrained to A-form values for those residues. All residues in the loop are unrestrained about β. The dihedral angles α and ζ were broadly restrained about A-form values for those loop residues with A-form phosphorus chemical shifts [34] . Three phosphorus resonances in U2A have non-A-form chemical shifts. These resonances were assigned to U56-P-A57, A57-P-A58, and C59-P-A60 from their H3′ chemical shifts using a 31 P-1 H COSY spectrum. The α and ζ dihedral angles related to these phosphorus resonances were not restrained. The γ dihedral angles of residues U54 and A58 were restrained broadly to A-form values because both had two equally weak H5′ and H5′′ to aromatic NOE cross-peaks, as expected when γ is trans. For the other six loop residues, resonance overlap made it impossible to observe these NOEs, and their γ dihedral angles were unrestrained.
The structure of U2A was determined using restraints for nearly all its dihedral angles (Table 2) . Significantly, test calculations (discussed below) showed that restraints for sugar pucker, glycosidic dihedral angle, and ε and the distance restraints were sufficient to determine its structure.
Distance restraints
As the NOE cross-peaks observed for the stem of U2A were those predicted for A-form RNA, all proton-proton distances in the stem for which NOEs were observed were restrained to A-form values with 0.6 Å or 1 Å bounds. For
Research Article Stem loop IIa from U2 snRNA Stallings and Moore 1177 In addition, a small number of distance restraints were used to keep a few pairs of loop protons away from each other. The purpose of these restraints, which we call 'unoes', was to preclude conformations that imply NOEs that were not observed. Because NOEs can go undetected for many reasons, unoes were used sparingly, and all of them involved pairs of protons whose NOESY cross-peaks would have been clearly resolved if they had been present. Unoes were given ranges of 5 to 30 Å, 5 Å being a distance at the periphery of the observable NOE range and 30 Å being roughly the maximum distance in the molecule; 12 unoes were used. Calculations performed with and without the unoes proved that their use had no effect on the global structure of U2A, but that they did reduce the spread of the structure family (as discussed below).
Also included with the experimentally-derived restraints mentioned above were distance restraints defining the six base pairs in the stem, and planarity restraints to keep bases within base pairs coplanar. The restraints used in the structure calculation are summarized in Table 2 .
Structure calculation
TAMD, a protocol that employs a reduced-variable search algorithm that permits only torsion angles to vary, was used to compute structures consistent with these restraints (Table 3 ) [21, 22] . The starting template was a randomly extended nucleic acid chain with U2A's sequence and arbitrary dihedral angles. A set of structures was made using random initial velocities for each structure calculated. Accepted structures had restrained distances and dihedral angles that deviated from their set ranges by less than 0.2 Å and 2°, respectively, and bond lengths, bond angles and impropers that were within 0.02 Å, 2°, and 2°, respectively, of target values.
The TAMD protocol folded U2A efficiently, and did not require a distance geometry step to obtain acceptable convergence rates. Using TAMD, 80% of the molecular dynamics calculations resulted in accepted structures. The yield of accepted structures was much higher than that obtained using a distance geometry/simulated-annealing (DG/SA) protocol (80% versus 4%), while requiring only approximately three times the computational time using the same processor.
A randomly chosen set of 15 accepted TAMD structures was minimized using a protocol that employed attractive van der Waals and electrostatic potentials, and the average of the 15 structures was computed. The resulting family of Conformational heterogeneity of the family of 15 minimized structures. All atoms of the 15 structures in the family were superimposed over (a) all residues, and (b) the loop residues of the average structure. The pair wise rmsds for the two superpositions (pair wise, each structure to the average) are 1.20 and 0.87 Å, respectively.
Figure 5
The structure of U2A. average is 0.71 Å for all atoms of the loop residues only, and the corresponding rmsd for the stem residues is 0.86 Å. U56 is a loop residue remarkable for its relative lack of interresidue NOEs, and the indeterminacy of its position is at least partly responsible for the observed indeterminacy of the relative orientation of the stem and the loop.
Validity of the refinement strategy
Some of the dihedral angle restraints used in the structure calculation are supported only indirectly by the NMR data: namely, the A-form restraints placed on the stem α, β, γ and ζ and loop α and ζ dihedral angles. In addition, the use of unoes is an unconventional method for precluding structures that imply NOEs that were not observed. The influence of both on the outcome of the structure calculations described was tested by repeating the TAMD protocol with different subsets of restraints. A set of 25 structures was calculated with only χ, sugar pucker and ε dihedral restraints, and another set of 25 structures was calculated with the unoe energy scaled to zero.
Neither reducing the number of dihedral restraints nor omitting unoes had an appreciable effect on the reproducibility or efficiency of the structure calculation: the acceptance rates were 72% (18/25) and 83% (20/24), respectively. In addition, the resultant average structures of the two test sets superimpose on all atoms of the average TAMD U2A structure with rmsds of 1.75 Å (reducing dihedral restraints) and 0.99 Å (omitting unoes) (0.79 Å and 0.76 Å, respectively, for all atoms of the loop residues). From these results, there is no reason to believe that any important features of U2A's structure were determined by the use of the additional dihedral angle or unoe restraints. What did change was the precision of the structure families. The rmsd with respect to the average of the structures computed with full restraints is significantly smaller than that of both sets of structures computed with the partial restraints, reflected in an increase in the conformational spread observed for the families of test structures.
The structure of stem loop IIa
The qualitative features of the structure of stem loop IIa are evident in Figure 5a . A six base pair stem is capped by a well-structured eight-base loop that contains a sheared GA base pair and a U-turn. U2A is stabilized primarily by stacking interactions. An eight-base stack, starting at g48 and extending to G55, stabilizes the 5′-side of stem loop IIa, and an 11-base stack from A57 to c67 stabilizes the 3′-side.
The most interesting part of the structure is the top of loop IIa where the backbone changes direction (U56-C59), which can be seen clearly in Figure 5b . This part of the structure superimposes on the U-turn at the apex of the anticodon loop of tRNA Phe , whose sequence is UGAA [35] , with an rmsd for backbone atoms (O5′, P, C5′, C4′, C3′ and O3′) of 1.37 Å. Clearly, loop IIa includes a U-turn.
The consensus sequence for the U-turn motif is UNRN, where N is any ribonucleotide and R is a purine. In U-turns, the backbone changes direction immediately following the initiating U, and the Watson-Crick faces of the bases immediately 3′ of the U are exposed to solvent. In the tRNA Phe crystal structure, this conformation is stabilized by a hydrogen bond between the imino proton of the first U and an oxygen of the phosphate of the third residue in the turn, and a hydrogen bond between the 2′OH of the U and the N7 of the n+2 purine (where n is the pivot of the turn). A van der Waals interaction between the pyrimidine ring of the U and the phosphate of the n+2 purine may also contribute to the stability [35] . The structure determined for stem loop IIa is consistent with these stabilizing interactions. In U2A, U56N3 is 3.60 Å from the phosphorus atom of C59's phosphate, and U56O2′ is 3.06 Å from A58N7; both of the hydrogen bonds seen in the tRNA Phe crystal structure could form in U2A. In addition, the phosphate of A58 sits directly over the pyrimidine ring of U56 (see Figure 5 ).
Although no restraints in the structure calculation paired G55 with A60, all low-energy models computed place G55 and A60 in a sheared (type II, anti-anti) GA pair below the U-turn (Figure 5c ). The N7 of A60 is within hydrogenbonding distance of the N2 protons of G55, and the N3 of G55 is within hydrogen-bonding distance of the N6 protons of A60. This pairing places the anomeric proton of A61 directly below A60's ring, and, consistent with this observation, A61's anomeric resonance is distinctly upfield shifted, as has been seen in other sheared GA pairs [36, 37] . G55's imino proton resonates at 10.9 ppm, well upfield of the chemical shifts seen for G imino protons in GC pairs, but in the range normal for G imino protons in this type of base pair [36, 37] . G55's imino proton may be involved in a water-mediated hydrogen bond to the phosphate of A60 [38] .
As pointed out earlier, the two remaining residues in the loop, U54 and A61, are not base paired, but it is not obvious why. All we can suggest is that the alignment of A61 with A60 maximizes stacking interactions that more than compensate for the hydrogen-bond energy lost. In contrast to three NOEs that fix the position of the base of A61, including an A61H2-A60H2 NOE, the data restrain the position of U54 much less tightly. The NOEs determining the structure of the loop are shown in Figure 5b .
Comparison with other RNA structures
The sequence of the hexanucleotide loop near the L11-binding site in 23S ribosomal RNA, GUAAUA, is nearly identical to that of the six nucleotides at the top of loop IIa, GUAACA. Not unexpectedly, the conformation of the hexanucleotide loop resembles that of loop IIa. Although the two structures recently reported for the hexanucleotide loop sequence differ in some respects, they agree that its conformation consists of a U-turn closed by a sheared GA pair, as seen in stem loop IIa [37, 39] . This conformational similarity is reflected in the NMR data for U2A and one of the two hexanucleotide structures [37] . The NOESY spectra of both molecules include cross-strand NOEs between the anomeric proton of the U at the pivot of the turn (n) and the H5 and H6 protons of the pyrimidine at (n+3). The phosphorus resonances of the first two bases of the U-turn have downfield chemical shifts in both molecules, and the anomeric proton resonance of the base immediately 3′ to the A in the sheared GA pair has an upfield chemical shift, as does the imino proton resonance of its G. Thus the U-turn preceded by a sheared GA motif has a spectroscopic fingerprint that should make it easy to identify in other contexts in the future.
The U-turns in initiator and elongator tRNAs, which have the consensus U-turn sequence, have similar, but not identical, spectroscopic fingerprints [40] . As expected, a U anomeric to R aromatic NOE is observed, but no Alike U(n) anomeric to N(n+1) aromatic NOE. In addition, the phosphorus between the U(n) and N(n+1) nucleotides resonates downfield. Missing from the NMR data of anticodon loops are the U(n) anomeric to N(n+3) aromatic and H5 NOEs seen in the NMR spectra of U2A and the hexanucleotide loop [40] . This difference may reflect the fact that the U-turns in U2A and the hexanucleotide loop are closed by a sheared GA, but those in the anticodon loops are not.
The importance of the U-turn for stem loop IIa function
The consensus sequence for the apex of loop IIa is UAAY, and the U and the second A are universally conserved [16, 20] . As mentioned before, some mutations in invariant residues in loop IIa are, paradoxically, viable in yeast, and now we can understand why. All of the mutations made in loop IIa that leave the UNRN U-turn sequence unaltered are viable, even those that change invariant residues [16] . It follows that the U-turn conformation of stem loop IIa must be important for its function. It may be important because it enables the two residues at the top of the loop (A57 and A58 in the wild-type sequence) to initiate the stacking interactions on the 3′-side of the structure. It may also be important because the Watson-Crick faces of the bases 3′ of the turn, which are exposed to solvent by its conformation (as seen in Figure 6 ) may be a site for stem loop IIa-protein or stem loop IIa-RNA interactions, as is the case in other systems [35, [41] [42] [43] .
The structure presented here also makes it possible to rationalize two viable loop mutants that do not conform to the UNRN pattern: CAAC and GAAC. The only stabilizing interaction seen in consensus UNRN U-turns that could not occur in a CAAC 'U-turn' is the imino protonto-phosphate hydrogen bond discussed earlier. The GAAC sequence is nearly that of GNRA tetraloops, which have conformations similar to U-turns [44, 45] . The GAAC sequence may, therefore, also support a turn having an acceptable geometry.
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Figure 6
The structure of stem loop IIa has elements for protein or RNA recognition. Two spacefilling models of stem loop IIa, related by 180°a bout the approximate helix axis.
Watson-Crick faces are in orange, highlighting the faces of the residues 3′ of U56 that face into solution. The backbone atoms are in green, everything else is in blue.
Some mutations in loop IIa are lethal. A five-base mutation of the loop IIa sequence that replaces the UAAC in positions 56-59 with UUUU is lethal, as is replacement of the entire loop with a UUCG tetraloop. A UUUU sequence is unlikely to adopt a conformation similar to the U-turn in wild-type loop IIa, and an octanucleotide loop to tetraloop change should be so perturbing to the loop geometry that it is hard to know what aspect of it is likely to be most damaging.
Biological implications
Pre-mRNA splicing is a specific processing event carried out by the evolutionarily conserved and highly specialized spliceosome. High-resolution structural studies of components in the spliceosome should contribute to the understanding of specific events in splicing, as they have for the ribosome and translation [46] [47] [48] . Only recently have unique functional domains of a size amenable to current structural techniques been identified in the spliceosome, and structural investigations have begun to be informative [49] [50] [51] [52] .
Stem loop IIa is essential for U2 snRNA function in yeast. It interacts with proteins known to be required for U2 snRNP association with the spliceosome, and it's disruption impedes that association. Stem loop IIa may also interact with a downstream sequence whose complementarity to the loop sequence is phylogenetically conserved.
The structure of loop IIa presented here has features that suit it for interaction with proteins and with RNA ( Figure 6 ). Specifically, loop IIa contains a U-turn, an RNA structural motif that is known to engage in RNA-protein and RNA-RNA interactions in other systems. The bases immediately 3′ of the turn have their Watson-Crick faces exposed to solvent, ready to base pair with a complementary RNA strand, and present a distinctive hydrogen-bonding surface for protein recognition. The importance of the U-turn for function is supported by the results of mutagenesis studies, and by the conservation of the sequence of those residues in loop IIa. It appears that stem loop IIa uses the same conformational strategy as the anticodon loops of tRNAs to promote interactions with proteins and other RNAs.
Materials and methods

NMR samples
U2A was transcribed from a partially single-stranded DNA template using T7 RNA polymerase and either unlabelled (Pharmacia Biotechnologies) or fully 13 C-and 15 N-labelled nucleoside triphosphates [53] . Isotopically enriched nucleoside triphosphates were produced enzymatically from the nucleic acids of cells grown on enriched carbon and nitrogen sources [54] [55] [56] . The DNA oligonucleotides annealed to form the transcription template were chemically synthesized by the W M Keck Foundation Biotechnology Laboratory at Yale Medical School. The desired transcript was purified by gel electrophoresis and recovered using electroelution. 
NMR spectroscopy
Homonuclear proton and heteronuclear carbon/nitrogen/proton NMR spectra were collected either on a GE Omega 500 using a triple resonance probe with triple-axis gradients, or on a Varian Unity+ 600 spectrometer using a triple resonance probe equipped with a z axis gradient. Non-exchangeable proton spectra, homonuclear and heteronuclear, were collected at 30°C; exchangeable proton spectra were collected at 15°C. Spectra involving phosphorus were collected on the GE Omega500 using a triple resonance probe with a phosphorus coil and a z axis gradient. Collection parameters for the experiments discussed are given in a table which is available as supplementary material with the internet version of this paper.
Restraints in the structure calculation
The restraints used in the structure calculation are shown in Table 2 . Distance restraints were determined semi-quantitatively from nonexchangeable NOESY spectra collected with a 7 s recycle delay between transients and 80, 140 and 200 ms mixing times. For the residues in the stem, judged to be A-form, proton-proton distances corresponding to observed NOEs were restrained to their A-form value, as given in Wüthrich [25] , with ± 0.3 Å (for interresidue distances) or ± 0.5 Å (for intraresidue distances) ranges. For the residues at the junction of the stem and the loop (G53 and C62), all the ranges were ± 0.5 Å. For the residues in the loop, NOEs designated as 'strong' had intensities comparable to the H5-H6 cross-peak intensity in the 80 ms NOESY spectrum and were assigned a distance range of 1.9-3.4 Å. 'Medium' NOEs were present in the 80 ms NOESY spectrum with intensities less than those of H5-H6 cross-peaks and were assigned distance ranges of 2.0-4.5 Å. 'Weak' NOEs appeared in the 200 ms NOESY spectrum and could be seen weakly in the 140 ms NOESY spectrum; they were assigned distance ranges of 3.0-5.5 Å. For all residues, adenine H2 to anomeric proton distances were restrained to between 3 and 4.5 Å.
Unoes were included to keep the following pairs of protons apart from each other in the structure: G53H8:A52H8, G55H8:U56H6, U56H4′: A57H8, A57H8:A61H2, A58H8:C59H6, A58H2:C59H6, A58H2: A60H2, C59H6:A60H1′, A60H1′:C51H6, A60H1′:A61H1′, A60H1′: C59H1′, and A60H1′:C59H3′.
Backbone dihedral angles for the stem residues were restrained to Aform values [57] . Ribose sugar puckers for all but the terminal bases were determined to be C3′-endo on the basis of a lack of H1′-H2′ cross-peaks in the DQF-COSY, and were thus restrained using the Ntype values for the five pseudo-rotation angles [27] . The glycosidic dihedral angles for all residues were restrained to 200° with 60° (stem) or 80° (loop) ranges. Dihedral restraints are shown in Table 2 .
J C2′-P values were calculated from spin-echo difference spectra as described in Vuister et al. [28] . For the four residues with measurable, though weak (< 3 Hz), couplings, the dihedral angle ε was restrained to 200°± 50°, and for the remaining residues with J C2′-P values within the noise, it was 200°± 40°. Additional distance and dihedral restraints not derived directly from NMR data maintained the six base pairs in the stem.
